Magnetic skyrmions are promising information carriers for building future high-density and high-speed spintronic devices. However, to achieve a current-driven high-speed skyrmion motion, the required driving current density is usually very large, which could be energy inefficient and even destroy the device due to Joule heating. Here, we propose a voltage-driven skyrmion motion approach in a skyrmion shift device made of magnetic nanowires. The highspeed skyrmion motion is realized by utilizing the voltage shift, and the average skyrmion velocity reaches up to 259 m/s under 0.45 V applied voltage. In comparison with the widely studied vertical current-driven model, the energy dissipation is three orders of magnitude lower in our voltage-driven model, for the same speed motion of skyrmions. Our approach uncovers valuable opportunities for building skyrmion racetrack memories and logic devices with both ultra-low power consumption and ultra-high processing speed, which are appealing features for future spintronic applications.
Voltage-Driven Skyrmions Dynamics
where ∆= √ / and = 4√ / . In our model, as the energy well is centered at the zone with decreased , the skyrmion radius should increase when it moves towards the energy well. 
Long-Range Skyrmion Motion
In the skyrmion-based memory and logic devices, long-range skyrmion motion is demanded.
To enhance the efficiency in long-range skyrmion motion, the relaxation process owing to the To calculate the evaluation of the total energy during skyrmion motion, we develop an analytical model to describe the energy change when different spin textures cross a step-like anisotropy profile, based on = − · . The anisotropic energy when the center of a domain structure arrives at can be expressed as
METHODS

Numerical calculations were performed using the Object Oriented Micromagnetic
Framework (OOMMF) which allows magnetization dynamics simulation by solving the
Landau-Lifshitz-Gilbert equation, written as
= − 0 ( × ℎ eff ) + ( × )(1)
SUPPORTING INFORMATION
where Ω stands for the integration interval (the whole nanowire) and is the effective field considering the VCMA effect, who only has a z-component. The magnetic moment distribution in the nanowire is described by ( ), which changes with the spin texture motion. Once we know the analytical expression of the spin texture ( ) , ( ) can be calculated numerically.
The energy evaluation during the motion for three different spin textures (uniform square domain, uniform circular domain, and skyrmion) is calculated respectively. The domain structure moves along the y-axis of a nanowire with finite width and infinite length. The boundary of the low-K region is set as = 0, and the normalized analytical expression of
where −1 stands for the normalized effective field induced by VCMA effect.
Firstly, we start the calculation from a uniform square domain with side lengths of a (blue and red arrows indicate spin-down and spin-up respectively) is shown is Fig. S1 . We let this domain structure move into the low-K region (dark gray region, stands for the VCMA effect).
The position of this square domain is described by its center ( , ). The analytical expression of ( ) just has a component, written as
In this case, the energy evaluates linearly when the square spin-down structure crosses the boundary of the low-K region. The width of linear decrease of the energy is equal to a, as shown in Fig. S1 . Figure S1 . Normalized energy profile when a uniform square spin texture moves into a low-K region (dark grey). Red and blue arrows stand for spin-up and spin-down moments, respectively.
Secondly, we simulate the energy evaluation when a uniform circular shape spin-down structure moves into the low-K region. The position of this circular shape domain is described by its center ( , ) and its radius is set as R. Similarly, the analytical expression of ( ) only has the component, written as
In this case, the energy evaluates continually, but the energy gradient behavior is different from that of the square spin-down structure, as shown in Fig. S2 . Finally, we simulate the energy evaluation when a skyrmion moves into the low-K region.
The position of the skyrmion is described by its center ( , ) and its radius is set as (radius of the = 0 contour). An analytical model is induced to describe the skyrmion texture. In a spherical coordinate system, magnetization at is described by polar and azimuthal angles Θ( , ) and Φ( , ). For a skyrmion centered at = 0, the polar angle can be expressed as
where is the domain wall width. To apply this model in the rectangular coordinate system, the polar angle in the spherical coordinate Θ( ) is transformed to Θ( , ) with the skyrmion centered at (0, 0). The magnetic anisotropy energy when the skyrmion arrives at ( , )
can be expressed as
In this case, the energy evaluates continually and the energy gradient is different with that of the circular shape spin-down domain, as shown in Fig. S3 . The energy almost doesn't change at the beginning and the energy gradient appears when the = 0 contour crosses the low- the maximum of the average velocity is obtained when the contact width is 58 nm, which is about twice of the skyrmion radius . This conclusion is coherent with the result in Supplementary II, as the energy platform will decrease the motion velocity. Figure S4 . Velocity change (normalized) with different contact width .
Supplementary IV: Radius and velocity change with different magnetic parameters
In this part, we change magnetic parameters and to study the impact on skyrmion radius and shift velocity 0 , while the contact width is fixed at 70 nm. Figure S4 shows the change of skyrmion radius and average velocity 0 with different and .
increases when increases or decreases, which consists with equation (4) . 0 increases when is less than 35 nm and decreases when is larger than 35 nm, which is also coherent with the conclusion in Supplementary III. 
Supplementary V: Energy consumption
In our system, the energy dissipation is mainly from the charge of capacitive dielectric layer, namely the MgO layer. To achieve the skyrmion velocity around 100 m/s, 0.15 V voltage is applied on the contacts. Taking 1 nm MgO as the gate oxide with the relative permittivity of 7 and an area of 60 nm×100 nm, the energy required is 8.4 aJ.
Compared with the reported results from experiment for the same velocity, the required current density is around 5×10 11 A·m -2 . 3, 4 According to the experimental work, the film structure is a [Pt(4.5 nm)/CoFeB(0.7 nm)/MgO(1.4 nm)]15 multilayer stack. The resistivity of metals is taken as 1×10 -7 Ω·m. In this case, to drive one skyrmion shift of 70 nm, the Joule heating is 8.2 fJ. Thus, the energy dissipation in our voltage-driven method is three orders lower than that in current-driven skyrmion motion.
